Received October 25, 2010 . Accepted July 13, 2011 . Available online August 12, 2011 . Published August 19, 2011. The incidence of coronary heart disease (CHD) is significantly lower in women than in men (1) and increases in women after natural or surgically induced menopause (2) . Postmenopausal estrogen replacement therapy is a protective factor against the development of CHD (3). However, two randomized prospective prevention trials, the Women's Health Initiative (WHI) (4) and the Heart and Estrogen/Progestin Replacement Study (HERS I and II) (5) , showed that hormone replacement therapy (HRT) with estrogen and progesterone may actually increase the risk of cardiovascular disease in postmenopausal women. The reasons for this paradoxical characterization of HRT as both beneficial and detrimental are not clear. Estrogen also affects vascular tone by promoting vasodilatory effects through other pathways (6) such as the stimulation of endothelial nitric oxide synthase (eNOS) (7) , the increase of calcium efflux from vascular smooth muscle cells, the activation of guanylate cyclase, inhibition of ATP-sensitive K + channels (KATP), inhibition of Ca 2+ -activated potassium channels (K Ca ) (8) , and inhibition of proliferation of vascular smooth muscle cells (VSMC) (9) .
In humans with coronary heart disease, there is abnormal coronary vasoconstriction in response to acetylcholine due to endothelial dysfunction (10) . Thus, the effects of estrogen on both endothelial and vascular smooth muscle cells (11) lead to vasodilatation of various vascular beds, including the coronary vascular bed (12) .
Increased interest is emerging in the evaluation of selective estrogen-receptor (ER) modulators (SERM), agents with estrogen-like effects on bone and on cardiovascular risk factors but without proliferative effects on breast tissue. Tamoxifen is a SERM with mixed estrogen agonist and antagonist properties that is currently used for the treatment of breast cancer, which exhibits higher efficacy against ER-positive tumors (13) .
The proposed mechanisms by which tamoxifen could alter vascular reactivity, including antagonism of several ion channels and calmodulin, and inhibition of myosin light chain kinase, are consistent with studies speculating that several potentially important tamoxifen actions are ER-independent (14) . Clinical observations have shown that treatment with tamoxifen reduces the incidence of ischemic heart disease and coronary atherosclerosis (15) . Other studies have also reported decreases in total serum cholesterol and HDL cholesterol with tamoxifen treatment (16) . Additionally, in experimental studies, tamoxifen exerted effects similar to those of estrogen on vascular relaxation due to several mechanisms, including antagonism of various ion channels (17) .
In the spontaneously hypertensive rat (SHR) model, the development of hypertension is associated with an increase in total peripheral resistance, a reduction in stroke volume (18) , as well as the development of progressive cardiac hypertrophy. In SHR, functional vascular alterations precede the development of arterial hypertension, with reduction of distensibility and vascular compliance resulting from wall media hypertrophy (19) .
In light of this, it becomes necessary to clarify the effect of tamoxifen on coronary reactivity under hypertensive conditions in SHR in order to identify the mechanisms involved in SERM-induced cardiovascular effects, especially those on the coronary circulation of the postmenopausal period. Thus, the objective of the present study was to determine the effects of chronic treatment with tamoxifen on coronary vascular reactivity in SHR.
Material and Methods
Experiments were performed on female SHR (80 to 100 g) obtained from the Departamento de Ciências Fisiológicas, Universidade Federal do Espírito Santo (UFES), Brazil. The project was approved by the Institutional Ethics Committee for animal research (Ethics Committee for the Use of Animals, UFES, protocol #014/2010), and all experiments were conducted in accordance with the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication #85-23, revised 1996).
Female rats from our breeding stock were randomly divided into four groups (N = 7 per group): sham-operated (SHAM), sham-operated and tamoxifen-treated (TAMOX), ovariectomized (OVX), and ovariectomized and tamoxifentreated (OVX+TAMOX).
All animals were maintained in a room with controlled temperature (23-25°C) and light-dark cycle (lights on from 6:00 am to 6:00 pm). Water was provided ad libitum. Cages were always cleaned in the morning (6:00 to 12:00 am), and all animals were handled identically during their growth period.
Surgical procedures
Ovariectomy was performed under general anesthesia with chloral hydrate, 40 mg/kg, ip. Briefly, a peritoneal incision was made to expose the uterine tube, and the ovaries were removed bilaterally. Then, the abdominal wall was surgically closed, and animals were given 1 week to recover. During surgery, animals received an appropriate dose of antibiotic (2.5% enrofloxacin, 0.1 mL per rat, im).
Tamoxifen treatment
The tamoxifen-treated animals received a daily dose of tamoxifen (0.1 mg/100 g body weight) for 90 days; rats were gently restrained and received tamoxifen citrate saline (Sigma-Aldrich, USA) dissolved in water (1 mL) via oral gavage. The SHAM and OVX groups received vehicle only (i.e., water) via oral gavage.
At the end of the 90-day experimental protocol, rats were anesthetized with ketamine and xylazine (50 and 10 mg/kg, ip). For the direct measurement of mean arterial pressure (MAP) and heart rate (HR), a polyethylene (PE-50) catheter (attached to PE-10 tubing) was inserted into the femoral artery and tunneled to the dorsal neck region. The animals remained in a fasted state until 7:00 to 8:00 am of the next day to obtain direct measurements of blood pressure in awake and unrestrained animals (TRA021 BP transducer coupled to an ML 110 Amplifier; AD Instruments, Australia). Blood pressure and HR values were calculated for each animal from continuous recordings averaged over a 30-min period (Chart 5.5.1; AD Instruments).
Langendorff preparation
Experiments were performed on isolated perfused hearts from female SHR. The rats were anesthetized with chloral hydrate (40 mg/kg, ip) and injected with heparin (100 U/kg, sc). Fifteen minutes after heparin injection, the rats were killed, and their hearts were immediately excised and perfused at a constant flow. Studies on the coronary vascular bed were performed on whole hearts using a Langendorff preparation for perfused isolated hearts (20) . Briefly, using a Langendorff apparatus (Hugo Sachs Electronics, Germany), the isolated hearts were perfused with modified Krebs solution containing 120 mM NaCl, 1.26 mM CaCl 2 ·2H 2 O, 5.4 mM KCl, 2.5 mM MgSO 4 ·7H 2 O, 2 mM NaH 2 PO 4 ·H 2 O, 27 mM NaHCO 3 , 1.2 mM Na 2 SO 4 , 30 µM EDTA, and 11.0 mM glucose. The solution was equilibrated with a 95% oxygen and 5% carbon dioxide at a controlled pressure of 100 mmHg to give a pH of 7.4. Langendorff preparations were perfused at a rate of 10 mL/min with a peristaltic pump (MS-Reglo 4 channels; Hugo Sachs Electronics) and maintained at a temperature of 37°C. A www.bjournal.com.br Braz J Med Biol Res 44 (8) 2011 fluid-filled balloon secured to a stainless steel cannula was introduced into the left ventricle and connected to a TPS-2 Statham transducer (Incor, Brazil) to measure the isovolumetric cardiac force. The balloon was inflated with a spindle syringe until it produced a preload of 10 mmHg.
Coronary perfusion pressure (CPP) was monitored using a TPS-2 Statham transducer connected to a sidearm of the aortic perfusion catheter. Once the preparation was stabilized, baseline CPP was measured after about 40 min. Concentration-response curves to adenosine (Sigma, USA) were constructed on the basis of a series of bolus injections (2 to 64 µg in an injection volume of 0.1 mL saline) administered at 10-min intervals. Dose-response curves to acetylcholine (Sigma, USA) were constructed on the basis of a series of bolus injections (0.2 to 16 µg in an injection volume of 0.1 mL saline) administered at 10-min intervals. The vasoconstrictor response to acetylcholine was also measured in the coronary vascular bed of SHAM (N = 7) and OVX (N = 7) Wistar groups.
Statistical analysis
Data are reported as means ± SEM for N = 7 per group. Data for basal MAP, HR and CPP of the four groups were compared by repeated measures one-way analysis of variance (ANOVA). Differences between groups were determined by the Tukey post hoc test. Coronary vascular reactivity data were tested by two-way ANOVA followed by the Tukey post hoc test for multiple comparisons. Statistical significance was set at P < 0.05. Table 1 summarizes the resting MAP values obtained from conscious animals 90 days after the beginning of treatment. As expected, MAP was significantly higher in OVX rats (191 ± 3 mmHg) than in SHAM rats (168 ± 3 mmHg, P < 0.01). Administration of tamoxifen for 90 days decreased but did not normalize MAP (173 ± 1 mmHg) in the OVX+TAMOX group. MAP (161.5 ± 2 mmHg) was not decreased in SHR treated with tamoxifen compared to the SHAM group. Baseline HR values did not differ significantly among the following groups of female SHR: SHAM (427 ± 9 bpm), TAMOX (414 ± 7 bpm) and OVX (437 ± 9 bpm). OVX+TAMOX rats exhibited a significant decrease in HR (386 ± 7 bpm) compared to the SHAM and OVX groups (P < 0.05 and P < 0.01, respectively).
Results
Data for baseline CPP in each treatment group are shown in Figure 1 . Baseline CPP was significantly higher in OVX+TAMOX (136 ± 3.6 mmHg) than in SHAM (119 ± 2 mmHg) rats. In OVX rats, castration caused a significant reduction (P < 0.05) in baseline CPP (98 ± 1.8 mmHg) relative to that of SHAM rats. The treatment of non-castrated female rats with tamoxifen for 90 days resulted in a significantly greater baseline CPP (130 ± 1.5 mmHg) than that of SHAM rats (119 ± 2 mmHg; P < 0.05).
As shown in Figure 2 , CPP values are reported as a percentage of coronary bed contraction with increasing log doses of acetylcholine (0.5, 1, 2, 4, 8, 16, and 64 µg/mL) in SHAM, TAMOX, OVX, and OVX+TAMOX groups. There were no differences in acetylcholine-induced constriction among SHAM (0.35 ± 0.2, 1.2 ± 0.3, and 2.96 ± 0.4%), TAMOX (0.3 ± 0.14, 1.7 ± 0.4, and 5.5 ± 0.3%), OVX (0.87 ± 0.25, 1.8 ± 0.47, and 5.45 ± 0.86%), and OVX+TAMOX (0.39 ± 0.2, 0.63 ± 0.2, and 1.9 ± 0.4%) groups at doses of 0.2, 0.5, and 1 µg, respectively.
There were statistically significant reductions in acetylcholine-induced constriction at doses of 2, 4, 8, and 16 µg (P < 0.01) in the SHAM (4.8 ± 0.5, 6.8 ± 0.5, 9.8 ± 0.16, and 12.5 ± 1%, respectively) and OVX+TAMOX (4.7 ± 0.7, 6.6 ± 0.96, 8.6 ± 1.4, and 11.1 ± 1.9%, respectively) groups compared to the TAMOX (11.5 ± 0.9, 15.8 ± 0.75, 19.8 ± 0.3, and 27.3 ± 0.75%, respectively), and OVX (10.6 Table 1 ). Data are reported as means ± SEM (N = 7 animals in each group). *P < 0.05 compared to the SHAM group; # P < 0.01 compared to the OVX group; † P < 0.01 compared to the TAMOX group (ANOVA followed by the Tukey post hoc test). Figure 2 . The usual vasoconstrictor response of the Wistar SHAM and OVX groups was similar to that of the SHR SHAM and OVX groups. Acetylcholine promoted a greater vasoconstrictor response in the Wistar OVX group when compared to Wistar groups at all doses used (7 ± 1, 18 ± 2, 29 ± 2, 42 ± 2, 51 ± 3, 51 ± 3, 53 ± 3% and 0 ± 1, 6 ± 1, 11 ± 1, 19 ± 2, 30 ± 2, 31 ± 3, 33 ± 3%, respectively; P < 0.05).
The effects of tamoxifen treatment for 90 days are shown in Figure 3 . CPP values are reported as a percentage of coronary bed dilation with increasing concentrations of adenosine. There were no differences in adenosine-induced dilatation among the SHAM (-1.1 ± 0.4 and -2.1 ± 0.4%), TAMOX (-1.7 ± 0.5 and -2.9 ± 0.5%), OVX (-0.7 ± 0.4 and -1.5 ± 0.5%), and OVX+TAMOX (-1.0 ± 0.4 and -3.9 ± 0.9%) groups at doses of either 2 or 4 µg.
At adenosine doses of 8, 16, 32, and 64 µg, the TAMOX group (-6.9 ± 0.5, -8.9 ± 0.8, -16.3 ± 1.1, and -20.9 ± 0.6%, respectively) and OVX+TAMOX group (-5.9 ± 0.6, -9.5 ± 0.8, -11.0 ± 1.6, and -18.2 ± 3.8%, respectively) showed a significant dose-dependent increase in the vasodilatory response compared to the SHAM group (-3.2 ± 0.5, -5.7 ± 1.3, -7.9 ± 1.0, and -12.8 ± 1%, respectively) and OVX group (-2.9 ± 0.6, -5.6 ± 0.9, -6.4 ± 0.6, and -8.5 ± 0.6%, respectively).
Discussion
SERMs are compounds that exert estrogen-like effects on some target tissues but antagonize the effects of estrogens in others. Tamoxifen is widely used as adjuvant therapy in the treatment of breast cancer (13) . This class of drugs has already been shown to promote vascular relaxation by acting on VSMC and endothelial cells (21) . However, the effects of these drugs on the cardiovascular system have been the subject of many studies, as this drug class mimics or antagonizes the cardiovascular effects of estrogen mediated by estrogen receptors. Blood pressure elevation after menopause is considered to be the most important cardiovascular risk factor (22) .
The present study shows a significant reduction in blood pressure in response to tamoxifen, although it was not sufficient to restore the blood pressure of SHR to normotensive levels. However, the same treatment attenuated the blood pressure increase induced after ovariectomy (23) .
The blood pressure attenuation observed in the OVX+TAMOX group may be related to the vascular effects of tamoxifen, such as inhibition of voltage-dependent calcium channels in VSMC and stimulation of vascular endothelium promoting the relaxation of coronary artery rings (22) . Morphological changes in the vascular bed were also observed. A clinical study showed a significant reduction in the intimamedia arterial thickness in postmenopausal women after treatment with tamoxifen for 1 year (24) . No differences in MAP were observed in TAMOX and OVX+TAMOX groups when compared to the SHAM group.
There was a significant reduction of HR in the Table 1 ). Data are reported as means ± SEM (N = 7 rats in each group). *P < 0.01 compared to the SHAM group; † P < 0.01 compared to the OVX group (ANOVA followed by the Tukey post hoc test). Table 1 ). Data are reported as means ± SEM (N = 7 rats in each group). *P < 0.05 compared to the SHAM group; † P < 0.05 compared to the OVX group (ANOVA followed by the Tukey post hoc test). OVX+TAMOX group when compared to SHAM and OVX groups. SHR have elevated HR (25) ; thus, the HR reduction after treatment with tamoxifen may be attributed to the agonist activity of estrogen in baroreceptor reflex modulation, suggesting a facilitatory role of estrogen in cholinergic neurotransmission in the central nervous system (26) . Clinical studies have demonstrated that vagal absence of estrogen reduces vagal activity and increases sympathetic activity, and that both effects are reversed by estrogen replacement (27) . Therefore, tamoxifen may have effects similar to those of estrogen by directly influencing autonomic function, thus mimicking the protective effect of this hormone on the cardiovascular system (28) .
The experimental model used in our study had some methodological limitations, in particular, denervation and absence of peripheral humoral factors in excised organ preparations such as the Langendorff preparation. However, the isolated heart technique is highly reproducible, allowing a detailed study of the pathophysiological mechanisms involved (29) .
Regarding CPP, we observed that tamoxifen treatment elevated basal pressure independently of estrogen depletion. Another finding is that the OVX group had a lower basal pressure than the other groups. Previous studies have demonstrated that castration reduces CPP (30, 31) , indicating that there are direct actions of estrogen on coronary vascular tonus, such as a cardioprotective effect. Additionally, tamoxifen therapy was able to promote a significant elevation in CPP, demonstrating that SERMs may mimic the beneficial effects of estrogen HRT.
It is known that acetylcholine can produce vasoconstriction directly by stimulating muscarinic receptors on vascular smooth muscle and indirectly through muscarinic receptors located on the vascular endothelium (32) . Our data have confirmed literature findings showing that acetylcholine promotes vasoconstriction in the coronary bed of normotensive animals (20) .
Our results show, a smaller vasoconstrictor response to acetylcholine in the SHR groups and a greater vasodilatory response to adenosine in the OVX+TAMOX group when compared to the OVX group, which showed an exacerbated contractile response when compared to the SHAM group. Therefore, one may conclude that coronary vascular reactivity is impaired in the absence of estrogen and that treatment with tamoxifen may improve such impairment. On the other hand, the TAMOX group showed an equally impaired contractile response when compared to the OVX group. The previously described reduction in the expression (33) and half-life of estrogen receptors (34) could have occurred in response to tamoxifen, which associates with endogenous estrogen, attenuating the vasodilatory response observed in the TAMOX+OVX group and exacerbating the coronary vasoconstrictor response in the TAMOX group to the extent observed in the OVX group.
Improvements in vascular reactivity have been reported to occur in other vascular beds during tamoxifen therapy undertaken for the purpose of promoting effects similar to those of estrogen replacement in OVX rats. Such studies demonstrated that tamoxifen attenuates the vasoconstrictor response observed in estrogen deficiency (35, 36) . Treatment with tamoxifen also normalizes the contractile response mediated by phenylephrine in isolated cerebral arteries of OVX animals (24) .
The action of tamoxifen in producing vasodilatation in isolated vascular beds may be related to the ability of tamoxifen to inhibit protein kinase C (37) . Other studies have demonstrated that tamoxifen reduces the mRNA expression of the α 1C subunit of the L-type Ca 2+ channel in the absence of estrogen and augments the mRNA expression of voltage-dependent potassium channels (K v ), thus possibly contributing to the vasodilatory response (38) .
Our findings reflect the long-term actions of tamoxifen as used clinically. The therapeutic use of tamoxifen is currently prescribed for a period of five years (39) . For this reason, we used a chronic treatment protocol of 12 weeks at a clinically relevant dosage of tamoxifen. In the absence of estrogen, tamoxifen reduced MAP, interfered with exacerbated contractile responses and improved the vasodilatory responses of coronary vascular beds in the isolated hearts of hypertensive rats.
Finally, our results show that tamoxifen was capable of attenuating the exacerbated vasoconstrictor response to acetylcholine observed after ovariectomy in the OVX+TAMOX group and increasing the vasodilatory response to adenosine. Tamoxifen also reduced, but did not normalize, MAP in the OVX+TAMOX group, suggesting potentially beneficial effects of tamoxifen that may contribute to protection against cardiovascular disease, especially after menopause.
In this study, we demonstrated improvement in vascular coronary reactivity with tamoxifen treatment that may result in a reduced incidence of ischemic heart disease and coronary artery disease, especially in hypertensive states.
